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Mini-halos : halos around a powerful radio galaxy
at the center of COOLING CORE
clusters
SMALLER in size than HALOS
NOT ASSOCIATED WITH MERGERS
First cluster where a radio MINI-HALO was detected
Diffuse extended emission is developed around a
POWERFUL RADIO GALAXY – 3C 84 – in a COOLING CORE cluster
X-ray : Ettori et al. 2000
Radio, Size = 350 kpc
(Sijbring & De Bruyn 1993 )
Perseus
Abell 2390
z = 0.228
kT = 11.1 keV
Lx bol = 3.8 1045 erg s-1
MINI HALO :
Size ˜ 450 kpc
Radio Power1.4 GHz =9.7 1024 W Hz-1
Heq =1.3 µG
Polarization degree  8 to 20 %
Giovannini et al 1999
Bacchi et al 2003
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A2142 z= 0.0894, kT = 9 kev
Radio Size = 200 kpc
X-ray : relaxed cluster with cold front (Chandra)
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Size of Mini-halos (Gitti et al.
2004) comparable with the
cooling radius
Correlation radio vs X-ray
NOTE: Plot from Gitti et al. (2004),
who used H0 = 50 km s-1 Mpc-1
It has been argued that the radio emission is not due
due extended radio lobes fed by an Active Galactic
Nucleus, as in classical radio galaxies, but originates
from the ICM (Gitti et al. 2002)
Spectral index similar to halos
With a radial steepening in Perseus and A2626
Models:
data on this class are too poor to constrain models
- primary electrons reaccelerated by turbulence
in the cooling flow (Gitti, Brunetti & Setti 2002)
- secondary electrons
(Pfrommer & Ensslin 2004)
As in giant radio halos, reacceleration models predict
spectral steepening, and radio-Xray correlations.
Summary on diffuse radio sources:
- Radio halos and relics  relativistic particle
magnetic fields
at different cluster locations
not in all clusters
(most X-ray luminous, most massive)
- Radio halos and relics related to cluster mergers
 merger processes supply the energy to
reaccelerate the short-lived radiating electrons
- Cluster mergers produce turbulence (MHD waves) and
shocks
Radiogalaxies
X-ray:
Thermal gas
Radio:
Radio GalaxiesA 119 (z = 0.0441)
Perseus
X-ray ROSAT PSPC
Hot gas
Radio WSRT
49 cm
Radio galaxies
i
i l i
NGC 1275 IC310
NGC 1265
Cyg A
FR II
High power: P1.4 GHz > 1024.5 W Hz-1i . .
Radio galaxies of high and low power have quite
different morphologies on the large scale
(Fanaroff & Riley 1974)
3C 449
Low power: P1.4 GHz < 1024.5 W Hz-1
FR I
: 1. . -1
RADIO GALAXIES AT INCREASING RADIO POWER
3C 31
DA 240
4C 73.08
1024 W Hz-1 at 1.4 GHz
1026.5 W Hz-1
From Atlas of P.Leahy, powers computed With H0=75, q0=0.5
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3C 449
The radio emission from INDIVIDUAL GALAXIES is found to
extend WELL BEYOND the physical size of the
host optical galaxy (> or >> 100 kpc)
 interaction with the outer medium
Interaction between the ICM and the radio emitting plasma:
- distorted structures (NAT, WAT)
- X-ray cavities
- confinement
Effects of the ICM on radio galaxies:
- trigger of radio emission
- enhancement of star formation
Narrow Angle Tailed
(NAT) Radio Galaxies
NGC 1265
(Perseus)
0053-016
(A119)
 FR I sources bent at extreme anglesl
Identified with
non-dominant
cluster members
3C 465 in A 2634 z = 0.03
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No cooling flow
reported for this
cluster
(White et al. 1997)
li l
i
l
i l.
For a fluid in motion :
the total force on a volume of fluid equals the pressure on the
surface enclosing the volume (Euler equation)
For a unit volume:
j = jet density
vj = jet velocity
rj = jet radius*
e = external density
vg = galaxy velocity
R = curvature radius
j
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R a m p r e s s u r eC e n t r i p e t a l f o r c e
R  r j (  j /  e ) ( v j / v g ) 2
C o n s i s t e n t w i t h o b s e r v a t i o n s f o r v g  1 0 0 0 k m s - 1
S t a n d a r d i n t e r p r e t a t i o n : J e t s c u r v e d b y r a m p r e s s u r e
f r o m h i g h v e l o c i t y g a l a x y ( B e g e l m a n e t a l . 1 9 7 9 )
i i
i l i l l l
* s c a l e h e i g h t o v e r
w h i c h t h e r a m p r e s s u r e
i s t r a n s m i t t e d t o t h e j e t
A 119
A 2163
Bulk large-scale motions in
merging clusters may be the
dominant effect in the
formation of these NAT
structures
l l l i i
i l
i i
i
A 520
TAILED R.G. WITH SIMILAR
ORIENTATION OF THE TAILS
•
•
• •
•
•
•
Wide Angle Tailed (WAT) Radio Galaxies
3C 465
(A2634)
 generally associated with D/cD or giant ellipticals at the cluster centersll i i i lli i l l
Dominant galaxies have generally a too slow
velocity (< 100 km s-1) to bend the jets by
ram pressure
i l i ll l
l i -1
Other suggested possibilities:
-electromagnetic force between
the jet and B field
-collisions with clouds
(Eilek et al. 1984)
A562 (GFmez et al. 1997)l
Interpretation is that ram pressure gradients
arise from large scale gas motions during
cluster mergers: typical velocities  1000 km s-1
Radio galaxies filling X-ray Cavities
at the center of cooling cores
1993 - ROSAT
(Böhringer et al.)i l
CHANDRA
(Fabian et al.
2000, 2001)
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3C 84
NGC 1275
(Perseus)
Large scale radio emissionl i i i
RBS 797 z =0.35 (Gitti et al in prep 2005)i i l i
Confinement
ICM confines the radio lobes

The radio emitting regions
in radio galaxies are in pressure
equilibrium with the
external thermal plasma
in cluster
A119
Pressure of the X-ray gas:
2nkT  10-10-10-13 dyn cm-3
Pressure within the radio lobes:
 10-12-10-14 dyn cm-3
 derived from equipartition: Erel  EH
under assumptions on
geometry,
spectrum 1,2
k = Eprot/Eel = 1
 = filling factor = 1
l
l
A 2255
A2255
3C 449
Interpretations of apparent unbalance:
 equipartition holds but with different assumptions
- projection effects
- presence of low energy electrons
- different energy in protons and electrons
- filling factor 	 1
 thermal plasma mixed within the relativistic plasma
 conditions different from equipartition
Background
Abell 2029:
– z = 0.0767, D=320 Mpc, scale = 1.44 kpc/”
– typically listed as a cooling flow cluster (> 100 M /yr)
• considered to be the one of the most relaxed clusters
– optical data show cD halo to > 600 kpc (Uson et al. 1991)
– no optical evidence of a merger
– X-ray surface brightness shows no large distortions
– contains a ‘C’ shaped central radio source which has
steep spectrum outer lobes
– contains no evidence of recent star-formation in the core
(OII or blue stellar colours)  unusual for cooling flow
Big Fuzzy Halo
• z = 0.0767, 1.44 kpc/"
• second generation DSS
red image
• cD halo to r > 600 kpc
(Uson et al. 1991)
• no evidence of optical
emission lines or blue
stellar continuum in core
• no evidence of merging
0.78 Mpc
Chandra View
0.78 Mpc
• considered to be one of
the most relaxed clusters
• elongated along same PA
as optical
• cooling flow (>100 M/yr)
• no evidence of a major
merger, consistent with the
presence of a cooling flow
• 19 ksec Chandra 0.3 - 10.0 keV adaptively smoothed image
of the ACIS S3 ccd
Central Cluster Filaments
58 kpc
• 19 ksec Chandra 0.3 - 10.0 keV adaptively smoothed image
• ROSAT HRI data
revealed filaments
(Sarazin et al. 92)
• Chandra shows LOTS
of structure with many
radial filaments
• broad X-ray core
Radio Connections?
• 1.4 GHz radio contours of PKS 1508+059 from
Taylor et al. (1991)
• Southern X-ray filament ~ 9
 deviation
• central WAT radio
source – often
associated with
merger where cD
and/or ICM is moving
• south tail is traced
by partial rim of bright
X-ray emission
• filaments to NE
unrelated to currently
active radio source
• 1.4 GHz radio contours and 1490- 4860 MHz
spectral index (Taylor et al. 1991)
• ‘typical’ extragalactic radio source has ~-0.7
Radio Connections?
• steep spectrum
inner jets and very
steep outer tails
• consistent with
confinement by the
thermal ICM
jet ~ 1.6x106 yr,
tail ~ 1.7x107 yr
S 
-1.4
-2.3
-1.6
-3.0
Pressure Balances
• Thermal pressure in filament = 1.6 x 10-9 dyne cm-2
• Minimum energy radio pressure = 2.6 x 10-11 dyne cm-2
Pth/Pme = 60
• without P balance the
cavities would quickly
collapse
• several systems show
Pth exceeds Pme by
factors of 10 or more
• additional P from
relativistic particles or
hot thermal gas
Central Cluster Region: South Tail
13 kpc • Compact X-ray
depression co-
incident with the
steep spectrum end of
southern radio tail
(~ 4
 depression)
• much more compact
than other holes
Temperature Structure
• cool core (~1 keV)
• average cluster
emission has kT~ 7.4 keV
• cool gas around
southern radio tail
• no obvious cool region
for northern tail, appears
to be in a region of
average gas temperature
9.38.36.35.0 keV
115 kpc
• 1.4 GHz radio contours of PKS 1508+059 from Taylor et al. (1991)
Cluster Core Region
30 kpc
• 8.4 GHz radio contours of PKS 1508+059
from Taylor et al. (1991)
• Chandra shows broad
core with hourglass
shape
• filaments visible
• no evidence of AGN
point source
• well collimated jets
propagate along pinch
axis
• jets flare at 3kpc and
decollimate at sharp X-
ray gradient
Cluster Core Region
• 8.4 GHz radio contours and 4860-8515 MHz
spectral index (Taylor et al. 1991)
S 
-2.7
+0.21
-2.2
-1.9
30 kpc
• inverted radio core
and steep spectrum jets
• small size and steep
spectrum are consistent
with confinement by
external ICM
• northern jet follows
linear path, tip of the
southern jet bends
along the broad edge of
the X-ray core
S 
Summary
– Abell 2029 is very relaxed but there is significant activity in the
central regions
– X-ray data show a broad, hourglass – shaped core with the jets of a
wide angle tail radio source propagating along the pinch axis
– steep radio spectrum and small size are consistent with confinement
by external thermal ICM
– southern tail surrounded by cool gas, northern in average T region
– inner jets begin well-collimated, then flare at distance of 3 kpc where
there is likely an X-ray pressure gradient (similar to results from
study of M31 by Laing & Bridle 2002) beyond that the southern jet
bends along the edge of an X-ray filament
– partial shell around southern outer tail has Pth/Pme ~ 60
– residual image shows dipolar pattern which may be the results of an
infalling cold system
Is the X-ray structure determined by the radio source or is the radio
source structure a result of the ‘merger’ seen in X-rays?
Radio Sources in Clusters
• Radio loud BCG occur more often in cooling flow
clusters than non-cooling flows: 70% of cooling
flow clusters contain central cD galaxies with
associated radio sources, and 20% of non-
cooling flow clusters have radio-bright central
galaxies (Burns 1990).
• This is probably no accident: the cooling gas
feeds the AGN?
Radio Source / ICM Interactions
• Interactions between radio sources and hot, X-ray gas
were seen in a few cases with ROSAT (Perseus,
Boehringer et al. 1993; A4059, Huang & Sarazin 1998;
A2052, Rizza et al. 2000).
• Numerous more examples have been found with
Chandra, and they can now be studied in much more
detail.
• In general, the radio sources displace the X-ray gas,
which, in turn, confines and distorts the radio lobes.
The radio sources create cavities or “bubbles” in the X-
ray gas.
Early (ROSAT) Observations
Perseus, Boehringer et al. 1993 A4059, Huang & Sarazin 1998
Heating and Cooling the IGM
• Should be cool gas in centres of groups and
clusters, but is not seen (e.g. Peterson et al
2001)
• AGN-inflated bubbles posited as a solution.
• Much observational evidence for bubbles
heating IGM.
• Bubbles found in many X-ray groups/clusters.
• Energetically, bubbles contain sufficient
energy to counteract cooling (e.g. Bîrzan et al
2004)
MS0735.6+7421
(NASA/CXC/Ohio
U./B.McNamara)
HCG 62
NASA/CfA/J. Vrtilek et al.
Hydra A
NASA/CXC/SAO
Heating by Radio Sources
• Earlier models (e.g. Heinz, Reynolds, & Begelman 1998)
predicted that radio sources would heat the ICM through
strong shocks. This heating could help to balance the cooling
in cooling flows.
• Shock heating models showed that the gas found around the
radio sources should be bright, dense, and hotter than the
neighboring gas. For the most part, the temperature rise has
not been observed.
• Newer models (e.g. Reynolds, Heinz, & Begelman 2001)
instead invoke weak shocks to do the heating, which can result
in X-ray shells that are relatively cool.
• Buoyantly rising bubbles of radio plasma can also transport
energy into clusters.
Chandra Observations: Radio
Bubbles and Temperatures
First Chandra observation of radio
source/ICM interaction: Hydra
A, McNamara et al. 2000
Hydra A
Nulsen et al. 2002
• z=0.052
• Mean kT~4 keV
• Powerful FR I source, 3C 218
• Holes with diameters 25-35 kpc.
• Coolest gas around radio lobes.
• Cooling time in center ~600 Myr.
• No evidence for strong shocks, but
weak shocks are not formally ruled
out (M<1.23).
• Need repeated outbursts from
central source to prevent cooling to
even lower temperatures (David et
al. 2001).
Perseus
Fabian et al. 2000
Perseus
Schmidt et al. 2002
• z=0.0183
• Abell 426
• Brightest cluster in X-ray
sky
• Powerful radio src 3C 84
• Cooling time ~ 108 yr at
center.
• No evidence for shocks -
bright rims are cool.
Abell 2052
• The coolest X-ray gas in the cluster is in the shells around the radio holes.
• Gas with temperatures of ~ 104 K is seen with optical emission lines,
coincident with the bright X-ray shells.
• Shell cooling time is longer than radio source age of ~ 107 yr, so cool gas
in shells pushed out from center.
H + [NII], Baum et al. 1998;
Blanton et al. 2001Blanton et al. 2003
Abell 262
Radio (Parma et al. 1986) [NII] (Plana et al. 1998)
Radio [NII]
Blanton et al. 2003
• z=0.0163
• Rather weak radio source 0149+35 (logP1.4 = 22.6 W/Hz)
• <kT> = 2.2 keV
• Clear bubble to east of cluster center. Surrounding rims are
cool, with cooling time = 3 x 108 yr
Evidence of Shock Heating
• Cen A galaxy, XMM-Newton
• Nearest active galaxy (3.4 Mpc)
• Double-lobed FR I source
(P=1.9x1024 W/Hz)
• Shell/cap on SW lobe - hotter
and over-pressured relative to
ambient ISM
• Consistent with M = 8.5 shock
• Shock with ISM, not ICM, but
clear connection with radio
Kraft et al. 2003
Pressure in Shells
• In cooling flow clusters, surface brightness deprojected to
determine X-ray emissivity and density.
• Common feature of these sources is that the pressure of
the bright shells is ~ equal to that just outside of them
=> no evidence for strong shocks.
• Comparison with the gas pressure in the X-ray shells with
the pressures derived in the holes from radio
observations, assuming equipartition, shows that the
pressures in the shells are about an order of mag. higher
than the radio pressures.
Pressure in Shell: Example (A262)
• Pressure in shell around
radio source is 1.2 x 10-10
dyn/cm2
• X-ray pressure is an
order of magnitude
higher than radio
equipartition pressure of
2 x 10-11 dyn/cm2
(Heckman et al. 1989)
Cavity Energetics & Kinematics
r
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Pressure Difference: X-ray and
Radio
• Problems with equipartition assumptions.
• Possible additional contributions in holes from:
– Magnetic fields
– Low energy, relativistic electrons
– Very hot, diffuse, thermal gas (limited to > 15 keV
[Hydra A, Nulsen et al. 2002], 11 keV [Perseus,
Schmidt et al. 2002], 20 keV [A2052, Blanton et al.
2003]). Look with XMM-Newton or Constellation-X.
Detection of Hot Bubble: MKW 3s
• Mazzotta et al. 2001
• Gas in bubble is hotter than gas at any radius => not
just a projection effect
• Radio not directly connected to hole
• Deprojected temperature, kT = 7.5 keV
Transportation of Energy to
ICM: Buoyant Bubbles
Perseus, Fabian et al. 2000
A2597, McNamara et al. 2001
Buoyant Bubbles
• The density inside the radio cavities is much
lower than the ambient gas, so the holes should
be buoyant, and can create “ghost cavities.”
These rising bubbles transport energy and
magnetic fields.
• In A2597, e.g., the cooling time of the central
gas (~3 x 108 yr) is similar to the radio repetition
time. This is suggestive that a feedback process
is operating (McNamara et al. 2001).
Models of Buoyant Radio
Source Bubbles
 3-D Hydrodynamic
Density
8 Myr 25 Myr 41 Myr 59 Myr
Brueggen et al. 2002
10 x 10 x 30 kpc
Models of Buoyant Radio
Source Bubbles
 2-D Hydrodynamic
X-Y High
Resolution
Brueggen & Kaiser 2002
Density
Bubble Heating
• Bubble is gently inflated by AGN
• Expands gently until it reaches pressure
equilibrium.
• Then rises buoyantly doing further work. (e.g.
Churazov et al 2001, Babul et al 2007)
• Bubble can persist whilst radio plasma spectrum
steepens  ‘ghost bubble’ with no detected
radio emission.
• Some have faint ‘fossil’ emission (e.g. Abell
2597, Clarke et al 2005)
• Others have no detectable emission even at low
frequency; e.g. HCG 62, NGC 741
Possibilities
• A conventional radio plasma sufficiently
evolved that plasma is no longer visible at
any frequency.
• Can we place age constraints on the bubble
from dynamical arguments?
• This can be compared with spectral age
constraints on the plasma filling the bubble.
• Bubble lies 25 kpc in projection from NGC
741.
• Use X-ray observations to constrain bubble
location and hence age.
Comparison with spectral
ageing models
• Use 1.4 GHz and 325 MHz VLA
observations to place limits on flux density
in cavity.
• Obtain inverse Compton limit from X-rays -
- interesting limit -- not been done before.
• Fit model similar to Jaffe & Perola (1977)
with varying to spectrum.
• Infer limits for and for
equipartition and non-equipartition B
fields
Comparison with spectral
ageing models
• Assuming that plasma has evolved from ‘normal’
radio galaxy, and synchroton radiative losses
dominate (i.e. plasma is in equipartition):
• If plasma is not in equipartition, IC losses
dominate and
• C.f. dynamic timescale:
Ghost Cavities / Low-freq Radio
• Low frequency radio emission extends into the ghost
cavities. This supports the idea that these cavities
were formed earlier in the life of the radio source.
A2597, McNamara et al. 2001 Perseus, Fabian et al. 2002
Intermediate Cases
• Radio sources still connected to bubble
structures, but don’t fill them.
• Radio emission from X-ray cavities has faded.
A4059, Heinz et al. 2002 A478, Sun et al. 2003
Entrainment of Cool Gas
• Radio emission in A133
previously thought to be
relic from merger shock.
• Radio emission probably
detached lobe from
central AGN. Lobe
displaced by motion of
cD or buoyancy.
• Filament towards radio
emission is cool. No
evidence of shocks.
A133
Fujita et al. 2002
Green = radio,
red/orange = X-ray
X-ray Shells as Radio
Calorimeters
• Energy deposition into X-ray shells from radio
lobes (Churazov et al. 2002):
• Repetition rate of radio sources ~ 108 yr (from
buoyancy rise time of ghost cavities)
1
( -1)
P V + P d V = 
(  1 )
P V
I n t e r n a l b u b b l e
e n e r g y
W o r k t o
e x p a n d b u b b l e
Can Radio Sources Offset Cooling?
• Assuming X-ray shell and radio bubble are in
pressure equilibrium, the total energy output of
the radio source, including the work done on
compressing the gas is E ~ 5/2 PV (with  =
5/3).
• Compare with luminosity of cooling gas
Examples
• A2052: E = 1059 erg
E/t = 3 x 1043 erg/s
kT = 3 keV, M/yr
Lcool = 3 x 1043 erg/s
• Hydra A: E = 8 x 1059 erg
E/t = 2.7 x 1044 erg/s
kT = 3.4 keV,
M/yr
Lcool = 3 x 1044 erg/s
• A262: E = 1.3 x 1057 erg
E/t = 4.1 x 1041 erg/s
kT = 2.1 keV, M/yr
Lcool = 5.3 x 1042 erg/s
(much less powerful radio
source)
ÝM = 42
ÝM = 300
ÝM =10
Blanton et
al. 2001,3
McNamara et al. 2000,
David et al. 2001,
Nulsen et al. 2002
Blanton et al.
2003
Cavity Energetics & Kinematics
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Synchrotron age versus dynamical age
Birzan 2007, PhD
1:1
tcav > tsyn
Projection?
R0 ?
V0 ?
9/18
Jet Composition
jet
lobe
E = pV
. . .
 j =E v j tr j
2
g a s p r e s s u r e
P = n k T
E n e r g y d e n s i t y i n j e t
v j = 0 . 1 c
r j = 0 . 1 k p c
t = t s y n , t b u o y
e n e r g y d e n s i t y e -
g a s p r e s s u r e
> > 1 D e c o l l i m a t o n
E
.
L r a d
<1 f o r v j > 0 . 5 c
C o l d p r o t o n s , P o y n t i n g f l u x
m a g n e t i c c o l l i m a t i o n ?
( w o n ’ t s e e j e t )
E = E B + E p  B
2
8
 V + ( 1 + k ) B

3
2 L r a d
X-ray/Radio Constraints on Lobe Content
1
variables: magnetic field, B, ratio of protons to electrons, k
X-ray Radio
tsyn 
B1/ 2
B2 +Bm
2  c ( 1 + z )[ ]
 1 / 2 B e q  L r a d
2 7 V  2 7 ( 1 + k ) / [ ]2 7
A d d i t i o n a l c o n s t r a i n t s : t s y n = t b u o y ,
e q u i p a r t i t i o n B e q ( k )
p r e s s u r e b a l a n c e B p ( k )
f r o m d e t e c t a b i l i t y c o n s i d e r a t i o n s
Shock
M = 1.34
E = 9x1060 erg s-1
t = 140 Myr
Radio: Lane et al. 04/Taylor
Low Radio Frequency Traces Energy
74 MHzWise et al. 07
shock
6 arcmin
380 kpc
Hydra A
Wise et 
al. 07
1061 erg
Nulsen et al. 05
tshock= 140 Myr
tbuoy= 220 Myr
tbuoy > tshock
MHD jets?
shock
6 arcmin
380 kpc
Hydra A
McNamara 95
McNamara et al. 00
U-band
Wise 05
Conclusions
• Radio sources displace the X-ray-emitting gas in the 
centers of cooling flows, creating cavities or “bubbles.”
• In all clusters observed so far, there is no evidence 
that the radio sources are strongly shocking the ICM.  
The bright shells are cool, not hot.  Weak shocks may 
have occurred in the past, creating the dense shells.
• Only evidence for strong shock heating is in radio-ISM 
interactions in galaxies (and very few cases, so far).
Conclusions
• The X-ray gas pressures derived from the shells surrounding 
the bubbles are ~ 10x higher than the radio equipartition
pressures.  Problems with equipartition assumptions, or 
additional contributors to pressure in bubbles, such as very 
hot, diffuse, thermal gas?
• Buoyant bubbles transport energy and magnetic fields into 
clusters and can entrain cool gas.
• Shell pressures can be used to determine the total energies of 
the radio sources.
• A rough comparison of the average energy output of radio 
sources and the luminosity of cooling gas shows that the radio 
sources can supply enough energy to offset the cooling in 
cooling flows, at least in some cases.
Summary
• Cluster radio sources radiatively inefficient
• No simple relationship between radio power & jet power
• Jet power much higher than early estimates
• Synchrotron ages decoupled from dynamical ages
• Equipartition invalid in lobes
• Ratio of heavy particles (protons) to electrons, k >> 1
• Evidence for complex lobe/cavity dynamics (eg. Hydra A)
